ABSTRACT Sixteen light horse mares were fed diets of bermudagrass hay and a cordcottonseed hullbased supplement formulated to contain either 100% (control) or 50% (restricted) of the protein and(or) energy requirements for maintenance in a 2 x 2 factorial arrangement of treatments. Plasma IGF-I, prolactin, cortisol, triiodothyronine, and thyroxine were monitored for 33 d. On the 27th d, frequent blood samples were drawn throughout the day for the measurement of growth hormone (GH), and on the 29th d, an epinephrine challenge and an i.v. glucose tolerance test (IVGTT) were performed in the morning and afternoon, respectively. Restriction of protein and(or) energy reduced ( P c .001) plasma IGF-I concentrations within 24 h, and the effect persisted through the 24th d. Energy restriction decreased ( P = .O 1) plasma cortisol concentrations, whereas thyroid hormones were not influenced ( P > . l ) by restriction of protein and(or) energy. Plasma prolactin concentrations were low throughout the experiment and after the IVG", but they increased ( P = .003) after feeding. Protein restriction increased ( P = .09) the occurrence of GH episodes during the 14-h feeding period on d 27; the greatest effect occurred in the mares restricted in both nutrients. In contrast, energy restriction reduced ( P = .05) the GH response to epinephrine injection. We conclude that 1 ) protein deficiency in mares increases GH secretion, whereas energy restriction alone does not, 2 ) a deficiency in energy and(or) protein reduces IGF-I secretion, and 3 prolactin concentrations increase after feeding, even at a time of year when secretion rates are naturally low.
1989;
. We have reported that prolactin secretion increases after feeding in horses (DePew et al., 19941 , although no information is available on the effects of nutrient restriction. Cortisol responses to nutrient restriction vary depending on the species studied (Ghani, 1988; Schrick et al., 1990; Prunier et al., 1993) . Glade et al. (1984) and Glade and Reimers ( 1985 ) reported no differences in plasma triiodothyronine (T3) and thyroxine (Tq) concentrations in weanling horses fed restricted diets, whereas in other species, reduced intakes decreased thyroid hormone concentrations (Blum et al., 1985; Ellenberger et al., 1989; Buonomo and Baile, 1991) . Because little is known about the role of these metabolic hormones in the horse and how their secretion is affected by nutrient intake, the present experiment was designed t o characterize the effects of protein and(or) energy restriction on plasma concentrations of GH, IGF-I, prolactin, cortisol, TB, and T4 in mares. aAll mares were fed hay at .6 kg of DM100 kg of BW daily.
Materials and Methods
Sixteen light horse mares (8 to 9 yr of age; 457 to 579 kg initial BW; approximate body condition scores of 6 to 7; Henneke et al., 1983) grazing native grass pasture were allotted (four mares per treatment) to one of four dietary treatments in a completely randomized design with a 2 x 2 factorial arrangement of treatments. Dietary treatments were formulated with the aim of meeting either 100% (control) or 50% (restricted) of the CP and DE requirement for maintenance (Table 1; NRC, 1989) ; actual intakes averaged 98 and 55% (Table 2 ). The experiment was conducted during the months of November and December 1992. All mares were fed 'Alicia' bermudagrass hay at .6 kg of DM100 kg of BW daily, which provided 30% of the CP requirement in the control diet. The hay (DM basis) contained 6.5% CP, 45.2% ADF, and 65.0% NDF and was calculated to contain 1.78 Mcal of DEkg (NRC, 1982) . Supplements were formulated and added in varying amounts ( . 6 and .22 kg of DW100 kg of BW for control and restricted energy, respectively) to provide the appropriate amount of CP and DE (Tables 1 and 2) . Supplements were formulated to provide 15% or 25% cottonseed hulls and to meet or exceed the requirements for Ca, P, Mg, Na, K, and S. To adapt the mares from pasture to treatment diets, 10 d before the onset of the experiment, mares were moved from pasture to a 50-m x 75-m lot and were provided ad libitum access to the hay. During the last 5 d of the adaptation period, control supplement was provided (once daily as a group) at 1 kg per mare. During the experiment, mares were housed in covered stalls and were given one-half of their daily diet of hay and supplement at 0800 and the rest at 1600. They had access to water at all times unless noted otherwise. The effects of treatments on BW changes and on plasma concentrations of glucose, insulin, NEFA, and urea N have been reported (Sticker et al., 1995) . Concentrations of IGF-I, prolactin, cortisol, T3, and T4 in plasma were monitored in jugular blood samples collected daily from d 2 through 6 ( d 1 was the 1st d that mares were fed their treatment diets), and then every 3rd d thereafter. Blood samples (7 mL) were drawn at 0800 (before the morning feeding) by jugular venipuncture into evacuated tubes containing potassium oxalate and sodium fluoride (Sherwood Medical, St. Louis, MO).
At 1430 on d 26, mares were fitted with 14-gauge jugular catheters for the characterization of hormonal responses to feeding on d 27, which included the two meals at 0800 and 1600, and to an i.v. epinephrine challenge (in the morning) followed by an i.v. glucose tolerance test (IVGTT; in the afternoon) on d 29. Blood samples were drawn every 15 min for 14 h beginning at 0600 on d 27 for the measurement of GH; this period was from 2 h before the morning feeding to 4 h after the afternoon feeding. Prolactin concentrations were assessed in every other sample (30-min intervals) collected on d 27. During this 14-h period, all mares except one consumed their normal daily meals within 2 h and were allowed access to water after completion; also at that time, the remaining feed left by the one mare was removed.
For the epinephrine challenge on d 29, mares were not fed their 0800 meal, and water was withheld until all blood samples had been collected. Blood samples were drawn at 15-min intervals for 1 h beginning at 0800, and then epinephrine HC1 (Sigma Chemical, St. Louis, MO) was administered ( 5 pg/kg of BW; 1 mg/ mL solution in sterile saline) i.v. through the catheters. Blood was subsequently drawn at 10-min intervals for the first 60 min and then at 15-min intervals for the next 60 min. After a 2-h rest, during which mares had access to water, two blood samples were collected 10 min apart and then glucose was administered i.v. (200 mg/kg of BW; 50% wt/vol solution in sterile saline).
Samples of blood were drawn a t 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 150 , and 180 min after administration of glucose. Samples drawn on d 27 and 29 were 7 mL in volume and were placed into evacuated tubes containing potassium oxalate and sodium fluoride. Catheters were flushed with 4% sodium citrate in sterile saline after each withdrawal of blood. Concentrations of prolactin (Colborn et al., 1991) , GH (Thompson et al., 19921, and cortisol (Thompson et al., 1988) were analyzed with RIA as previously described for horse samples. Thyroid hormones were measured with a coated-tube RIA (ICN Biochemicals, Irvine, CA). Concentrations of IGF-I were measured with a RIA based on antiserum (UB3-189) obtained from the National Hormone and Pituitary Program (Rockville, MD). Recombinant human IGF-I (Calbiochem, La Jolla, CA) was radioiodinated with the chloramine-T method (Greenwood et al., 1963) and was used as the radioligand; a portion of the unlabeled hormone was diluted t o 40 ng/mL for use as the standard. Samples of plasma (20 pL) were prepared for assay by first mixing with 180pL of 1.27 M glycine-.2 M HC1 (pH 3.2) followed by incubation for 24 h at 5°C. These samples were then neutralized by adding a mixture of 40 pL of 1 N NaOH and 2.0 mL of .01 M phosphate-buffered .l55 M saline ( PBS). In other species, this treatment dissociated 90 to 100% of the IGF-I from its binding proteins (D'Ercole et al., 1984; Houseknecht et al., 1988; Elsasser et al., 1989) . Duplicate 80-pL aliquots of all samples and appropriate standards were mixed with 200 pL of radiolabeled IGF-I before addition of 200 pL of primary antiserum (diluted 1:3,333). After 48 h of incubation at 5"C, 200 pL each of normal rabbit serum (1:42 dilution) and precipitating antiserum (anti-rabbit gamma globulin, produced in a pony mare; 1:12 dilution) were added and mixed. Twenty-four hours later, the antibodybound radiolabeled IGF-I was separated from free IGF-I by centrifugation after addition of 2 mL of cold PBS to each tube. Serial dilutions of several pools of horse plasma produced inhibition curves in the RIA that were parallel to the IGF-I standard. Within-assay CV averaged 5%.
Although graphical data are presented for the IVGTT and epinephrine challenge, only baseline concentrations and the responses (areas under the curve) to glucose and epinephrine administration were statistically analyzed. Net areas under the response curves were calculated for each mare by summing the time x concentration increments after subtraction of that mare's pretreatment average. Peaks (or episodes) in GH concentrations were determined with the PULSAR program (Gitzen and Ramirez, 1976) , with parameters set as described by Thompson et al. (1992) .
Statistical analyses were conducted using the GLM procedures of SAS (1988) . A completely randomized design with a 2 x 2 factorial arrangement of treatments tested protein restriction, energy restriction, and their interaction using the residual error. For samples taken over time, multivariate repeated measures analysis included testing time, time x protein, time x energy, and time x protein x energy. For most variables, the four statistics given in multivariate analysis were identical; however, Wilks' Lambda probability was reported. When there was an insufficient number of degrees of freedom (number of repeated measures exceeded error degrees of freedom), the Greenhouse-Geisser adjusted probability within univariate ANOVA was used (SAS, 1988) . In two instances (daily IGF-I concentrations and number of GH peaks), the LSD test was used to compare means for the four groups after one-way ANOVA as four separate treatments, because this seemed to describe more appropriately the trends in the data.
Results
All mares generally consumed their allotted meals within 2 h, with the exception of one mare fed control protein and energy that periodically required the entire period between meals for consumption, with minor feed refusal. One mare fed control protein and restricted energy was found to be pregnant and was removed from the experiment.
Mares fed restricted protein and(or) energy had lower ( P < .001) plasma IGF-I concentrations before the morning meal than mares fed control protein and energy (Figure 1 ). This effect of restriction on plasma IGF-I concentrations occurred within 24 h after initiating dietary treatments and was consistent (day effect, P = .5) through d 24. Mares fed restricted energy had lower ( P = .01) plasma cortisol concentrations than mares fed control energy; there was no influence ( P = . S l ) of protein restriction on cortisol concentrations. During the course of the experiment, plasma cortisol concentrations increased in mares fed control energy but not in mares fed restricted energy (day x energy interaction, P < .001; Figure 1 ).
Restriction of protein and(or) energy did not influence ( P .l) plasma concentrations of T3 or T4 in daily blood samples, nor did day of sampling ( P > .l; data not shown). Average plasma concentrations were .9 f .02 and 18 f .2 ng/mL for T3 and T4, respectively. Plasma prolactin concentrations were low in all mares, averaging . seem to influence GH secretion, given that no consistent pattern was discerned before or after feeding. In contrast, feeding increased (time effect; P = .003) plasma prolactin concentrations (Figure 2 ).
Although there was no influence ( P > . l ) of protein and(or) energy restriction on prolactin concentrations on d 27, the tendency was for the greatest prolactin concentrations to be in mares fed control energy.
Plasma concentrations of prolactin before the IVGTT on d 29 were not affected ( P > .l> by protein and(or) energy restriction (Table 4 ). In addition, there was no response ( P > .l) in prolactin concentrations (area under the curve) due to protein and(or) energy restriction. 1 1 1 1 1 1 1 1 1 1 1 1 1 , 1 1 1 1 1 1 1 I l 
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Discussion
Results of the present experiment indicate that, of the two, protein restriction is the more important factor affecting GH secretion in adult mares, given that energy restriction alone did not alter GH secretion on d 27. Increased GH concentrations have been shown to result from dietary protein and(or) energy restriction in various species. Protein restriction increased plasma GH concentrations in yearling rams (Barenton et al., 1987) , and energy restriction increased GH secretion in growing broiler chickens (Rosebrough et al., 1989) . This GH response was not evident in rats (Achilles et al., 1982; Schalch and Cree, 1985) or under conditions of mild restriction in cattle (Chew et al., 1984; Elsasser et al., 1989) . Combined protein and energy restriction increased GH secretion in lactating dairy cows (deBoer et al., 1985) , growing beef heifers (Granger et al., 1989) , infants (Muzzo and Alcazar, 1985) , barrows (Buonomo and Baile, 1991) , and adult ewes (Thomas et al., 1990) . Although there was no interaction between protein and energy restriction in the present experiment, direct comparison of the groups indicated that the greatest effect on the number of GH peaks was in mares receiving the combination of restricted protein and energy. plasma IGF-I concentrations in growing heifers (Houseknecht et al., 1988; Granger et al., 1989) . In rats, protein restriction was related to decreased IGF-I activity in plasma (Reeves et al., 1979; Prewitt et al., 1982) . Administration of GH normally stimulates plasma IGF-I concentrations (Lema1 et al., 1989; Guyton, 1991; Coleman et al., 1994) , and reduction of GH in the blood results in simultaneous reduction in plasma IGF-I concentrations (Armstrong et al., 1990; Kirby et al., 1993) . Because plasma GH concentrations are either increased or unchanged simultaneously with reductions in IGF-I concentrations, we conclude that the nutritional deficiencies are detected directly by the tissues synthesizing IGF-I, or via some intermediate other than GH. Indeed, substantial evidence in rats indicates that IGF-I is produced locally in various tissues, can be stimulated by local factors, and is vital to the growth of the tissues (Etherton, 1993) . In our mares, the effects of restriction were detectable within 24 h, indicating a relatively rapid adjustment t o the nutrient alteration. A similar reduction in serum IGF-I concentrations was detected within 24 h after feed withdrawal from growing barrows (Buonomo and Baile, 1991) .
Restriction of energy decreased plasma cortisol concentrations in our mares.
Glade et al.
) reported a similar decrease in plasma cortisol concentrations in weanling horses fed 80 vs 160% of their protein and energy requirements (48.7 vs 60.8 ng/mL, respectively). Because of the metabolic role of cortisol (increasing gluconeogenesis, lipolysis, and protein catabolism; Guyton, 19911, it would seem that nutrient restriction should increase circulating cortisol concentrations and facilitate nutrient mobilization. In fact, in pigs totally deprived of feed, cortisol concentrations increased in the short term (Becker et al., 1992) . In cattle, acute exposure to elevated temperatures for several hours increased plasma corticosteroid concentrations, whereas prolonged exposure (24 d ) decreased them (Alvarez and Johnson, 1973) . Some researchers have reported increased plasma cortisol concentrations during hypoglycemia in horses (James et al., 1970) and 5 h after feeding peripubertal gilts a diet that was 50% of ad libitum intake (Prunier et al., 1993) . A transient increase in cortisol concentrations could have occurred within the first 24 h of nutrient restriction in our mares without being detected. However, the effect of prolonged nutrient restriction was a gradual reduction in average cortisol concentrations.
Restriction of protein and(or) energy did not influence daily plasma thyroid hormone concentrations, even though others have reported decreased thyroid function with nutrient restriction (Buonomo and Baile, 1991) . Reductions in thyroid hormone concentrations accompanied reduced feed intake in steers (Blum et al., 1985) and rats (Schalch and Cree, 1985) . Likewise, Blum et al. (1980) reported reduced T3 concentrations in adult sheep fed at reduced nutrient levels, but there was no change in T4. Ellenberger et al. (1989) did not detect any change in T3, but T4 was less in growing steers fed to gain only .37 kg/d compared to steers fed to gain 1.4 kg/d. Glade and Reimers ( 1985) reported no differences in T3 or T4 concentrations in weanling foals fed either 70, 100, or 130% of their protein and energy requirements. Also, Glade et al. (1984) reported similar plasma T4 concentrations before feeding in weanlings fed either 80 or 160% of their protein and energy requirement.
Similar to our previous results with mares and stallions , plasma GH concentrations in the mares in the present experiment did not change due to feeding, and peaks seemed to occur at random during the 14-h period on d 27. Dubreuil et al. (1988) reported likewise that GH concentrations in growing pigs of either gender did not change in response t o feeding. This is in contrast to ruminants, in which plasma GH secretion increased after feeding in growing lambs (Symonds et al., 1989) and adult dairy cows (de Boer et al., 19851 , and decreased after feeding in sheep (Bassett, 1974; Trenkle, 1989) and goats (Tindal et al., 1982) . However, not all of those reports were based on extensive monitoring of GH concentrations in blood before and after eating. The episodic nature of GH secretion in horses (Thompson et al., 1992) , as in other species, necessitates frequent blood sampling (15-min intervals or less) over several hours, such as was done herein and by DePew et al.
(1994) with adult mares and stallions.
STICKER
Because epinephrine injection consistently stimulated GH release in stallions (Colborn et al., 1991; Thompson et al., 19921 , an acute epinephrine injection was used in the present experiment as a potential criterion for assessing nutrient interactions with GH secreting activity of the pituitary. Unlike stallions, the mares were less consistent in their GH response t o epinephrine injection; only 4 of the 15 mares had substantial GH responses. Because those four mares received control energy diets, there was a main effect of energy restriction. It is possible that the maximally restricted (both protein and energy) mares, which had the greatest number of GH peaks in the 14-h sampling period, were less sensitive t o external stimuli because they were already secreting GH at high levels, or had lower GH reserves in the pituitary. In support of this concept, we found that stallions with large GH responses to a GHreleasing hormone challenge in the morning had muted GH responses to exercise later the same day. More research is needed to identify appropriate, standardized stimuli that will provide meaningful physiologic information on GH secretory characteristics in horses.
Prolactin concentrations in our mares were low and typical for the season of the year (Johnson, 1986; Thompson et al., 1986) . Thus, any reduction in prolactin secretion due t o diet would be difficult to detect under the conditions of this study. Although prolactin concentrations increased after feeding, as was expected (DePew et al., 19941 , there was no interaction with energy or protein restriction. Prolactin concentrations increase as a result of feeding in humans (Quigley et al., 1981; Carlson et al., 19831, goats (Bryant et al., 19701, and cattle (McAttee and Trenkle, 19711 , and feed deprivation or reduced nutrient intake decreases prolactin secretion (Bryant et al., 1970; McAttee and Trenkle, 1971; Petitclerc et al., 1983; Takahashi et al., 1986) . Because the physiologic role of prolactin in the utilization of nutrients is not well understood for most species, its relative importance in horses is only a matter for speculation. However, in hamsters, prolactin seems to be involved in the regulation of diurnal changes in the number of hepatic insulin receptors and, hence, lipogenesis and fattening (Cincotta and Meier, 1985a,b) .
There was po prolactin response to IVGTT in these mares, regardless of dietary treatment. Cole et al. (1993) reported that plasma prolactin increased after glucose injection in lambs deprived of feed for 3 d. Prolactin concentrations subsequently remained greater than in lambs fed t o meet requirements, in which plasma prolactin concentrations actually decreased following glucose injection. The authors suggested that the prolactin response to glucose injection might have resulted from increased 0-endorphin release during the stress of feed depriva-E T AL.
tion. Unlike during feed deprivation, glucose metabolism is unrelated to the feed-induced prolactin response under typical feeding conditions (Bryant et al., 1970; McAttee and Trenkle, 1971 ).
In conclusion, restriction of protein and(or1 energy intake of adult mares altered plasma GH and IGF-I concentrations in a manner similar to that reported for other species. As was observed for various plasma metabolites (Sticker et al., 1995) , the changes in plasma IGF-I concentrations were detected within the first 24 h, indicating the rapidity with which the horse's metabolism adjusts t o changes in dietary intake.
Implications
These data provide basic information on hormonal changes in response to alterations in nutrient intake in mature mares. The apparent secretion rates of growth hormone and insulin-like growth factor I respond to changes in nutrient intake in a manner similar to that reported for other farm species. These results 1) indicate how diet formulation relative to National Research Council requirements can affect plasma hormones before and after physiologic perturbations, 2 emphasize the need for the development of methods to assess the growth hormone secreting activity of the pituitary, and 3 ) raise questions about the involvement of prolactin in the nutritional and(or) metabolic physiology of the horse.
